Introduction {#sec1}
============

Copper catalysts with palladium acting as the promoter have a good performance for the glycerol hydrogenolysis in aqueous solution into propylene glycol (1,2-PDO),^[@ref1]−[@ref4]^ but they have poor stability. Recently, we reported the transformation of glycerol by liquid phase hydrogenolysis into 1,2-PDO with high selectivity over CuPd/TiO~2~--Na bimetallic catalysts that have good stability at low hydrogen pressure in a batch system.^[@ref1]^

The high yield toward 1,2-PDO of the CuPd bimetallic catalysts was related to the presence of stable CuPd alloy nanoparticles formed by low-temperature reduction. Their formation is evidenced by temperature-programmed reduction with H~2~ (H~2~-TPR), CO and H~2~ chemisorption, N~2~O oxidation, and H~2~ titration. We also used high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), diffuse reflectance ultraviolet--visible spectroscopy (DRS-UV--vis), and electron diffraction of selected area (EDSA). The bimetallic particles had an average diameter below the diameter of Cu monometallic particles. Formation of this alloy stabilized Cu^0^ against leaching and oxidation and resulted in a recycled catalyst. Although some advances were made in determining the distribution of the surface copper and palladium species deposited on TiO~2~ or in other support, that question was still unresolved.^[@ref5]−[@ref9]^

To better deduce the catalytic properties of supported bimetallic catalysts, it is necessary to study both the oxidation states and the distribution of the two metals within the individual nanoparticles. As demonstrated in our previous work, some information can be obtained by the various techniques used there, but to deduce the alloying process and surface segregation behavior of the individual bimetallic nanoparticles, we present here results using different scanning transmission electron microscopy (STEM) techniques that provide cluster-specific alloying information. In particular, we used X-ray energy-dispersive spectroscopy (EDS), electron energy-loss spectroscopy (EELS), and also X-ray photoelectron spectroscopy (XPS). Thus, in the present work, a joint bulk and surface characterization study was performed in detail to identify the structure/composition/oxidation state profile of individual nanoparticles from CuPd/TiO~2~--Na bimetallic catalysts with sub-nanometer resolution.

Experimental Section {#sec2}
====================

Catalyst Characterization and Preparation {#sec2.1}
-----------------------------------------

CuPd/TiO~2~--Na catalysts (nominal atomic ratio Cu/Pd = 1.67) were prepared by sequential impregnation on TiO~2~ (Degussa, P-25 powder). Pd and Cu loading was set at 5 wt % each. The catalysts were prepared by first treating TiO~2~ with NaOH dissolved in methanol (5 mL methanol/g TiO~2~ to obtain an initial loading of 5 wt % Na), followed by drying and calcination. Cu and Pd were then impregnated on Na--TiO~2~ as done on TiO~2~, with intermediate drying and calcination steps.

In order to determine whether there were changes in the CuPd catalyst during its use, we analyzed the structure of a fresh bimetallic catalyst (5Cu5Pd5Na-F), that of a catalyst reused after simple filtering, water rinsing, and lixiviation with water prior to reaction,^[@ref1]^ which suffered a 10-fold decrease in Na content during synthesis (5Cu5Pd5Na-W), and that of a catalyst reused three times (5Cu5Pd5Na-R3). In the last case, the catalyst was filtered and washed with deionized water after each use and placed again in the reactor for a new run. Atomic absorption spectroscopy analysis of the reaction solution evidenced that close to 80% of the Na initially present in the fresh bimetallic catalyst (5Cu5Pd5Na-F) was found in the solution after the first use. Additionally, the leaching of Na decreased during further uses or washes until Na in the catalysts reached a stable residual level of 0.5 wt % for the 5Cu5Pd5Na-W and 5Cu5Pd5Na-R3. Data for these samples are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The reused catalysts did not lose activity when compared with a fresh catalyst, which is an indication of the stability of the active structure.

###### Nomenclature Used for the Catalysts

  catalyst                             code
  ------------------------------------ --------------
  5%Cu-5%Pd/TiO~2~-5%Na-fresh          5Cu5Pd5Na-F
  5%Cu-5%Pd/TiO~2~-5%Na-washed         5Cu5Pd5Na-W
  5%Cu-5%Pd/TiO~2~-5%Na-third reused   5Cu5Pd5Na-R3

The details about the preparation and pretreatment of the materials are described in our previous report,^[@ref1]^ as well as H~2~ (H~2~-TPR), CO and H~2~ chemisorption, N~2~O oxidation and H~2~ titration, HRTEM, XRD, DRS-UV--vis, and EDSA results.

XPS analyses were carried out using a Thermo VG Scientific ESCALAB 250 spectrometer equipped with a hemispherical electron analyzer and an Al Kα radiation source (1486.6 eV) powered at 20 kV and 30 mA, respectively. The binding energy (BE) was determined by using the carbon C (1s) line as the reference with a BE of 284.6 eV. The spectrometer was operated at a pass energy of 23.5 eV, and the base pressure in the analyzing chamber was maintained at 3 × 10^--8^ mbar. Peak fitting was done by using XPSPEAK 41 with Shirley background. High-resolution core-level scans were acquired from the surface of the freshly fractured catalysts for the Ti 2p, O 1s, Na 1s, Cu 2p, and, Pd 3d photoelectron peaks. Relative concentrations of species were calculated from the integral intensities of the XPS peaks using the cross-sections according to Scofield.

The catalysts also were analyzed by scale *Z*-contrast imaging, EELS, and EDS techniques using a scanning transmission electron microscope (JEOL 2100F electron microscope at 200 kV and a 0.19 nm resolution). TEM images from bimetallic particles using HRTEM were also recorded. Catalyst samples were deposited on Au grids. EELS and EDS analysis of elements was performed by using a Si (Li) model INCA, Oxford.

Catalytic Tests {#sec2.2}
---------------

Catalytic tests were performed in a batch reactor (Parr Instruments), which was loaded with 50 mL of a 20 wt % aqueous solution of glycerol and 0.3 g of the previously reduced catalyst. The catalysts were transferred from the reduction tube to a reactor while trying to keep them in an inert atmosphere, but a brief exposure to air cannot be excluded. After the reactor was sealed, it was flushed with flowing N~2~ at 0.1 MPa for 5 min to remove air from the headspace. N~2~ was subsequently flushed with flowing H~2~ at 0.1 MPa for 5 min. The reactor was then pressurized to 0.7 MPa with H~2~ and heated under moderate agitation (100 rpm) to a final reaction temperature of 220 °C. Once this temperature was reached, an initial liquid sample was drawn to mark the start of the reaction, and the rate of agitation was increased to 480 rpm. The reaction was allowed to proceed for 6 h, while the liquid phase was sampled every hour.

Results and Discussion {#sec3}
======================

Activity and Selectivity during Hydrodeoxygenation {#sec3.1}
--------------------------------------------------

In our earlier study, we found that Na-promoted bimetallic catalysts showed higher activity than monometallic catalysts while maintaining high 1,2-PDO selectivity (76--93%) for a types of Cu catalysts. We obtained similar results for the initial glycerol turnover frequency (TOF). The best results were obtained with 5Cu5Pd5Na-F at 220 °C and 0.7 MPa H~2~. The initial TOF (based on Cu + Pd sites) was 0.14 s^--1^; the selectivity to 1,2-PDO reached 85%.^[@ref1]^ The good activity and selectivity of these catalysts involves a synergistic effect between the two metallic components, that is, the activity of the bimetallic catalyst is larger than the sum of the effects for the two separate monometallic catalysts. The active sites were stable, as evidenced by the 5Cu5Pd5Na-F catalyst that maintained high stable activity and high 1,2-PDO selectivity after being reused three times. Our previous characterization results^[@ref1]^ showed that our bimetallic catalysts consisted primarily of CuPd alloy nanoparticles with an average diameter of about 4 nm, which is smaller than the diameters of Cu or Pd nanoparticles in the monometallic samples. Cu is stabilized in the alloy, and it is mainly present on the surface of the nanoparticles.

Therefore, the presence of Na in the bimetallic catalysts was necessary to maintain high activity and selectivity during operation. An analysis of the actual content after use showed that Na was leached from the catalysts, but a stable concentration was reached that helped maintain their activity. The limiting content is 0.5 wt %, and it is very stable. In the previous article,^[@ref1]^ we showed that the decrease in activity during the first reuse appears to be caused by the initial lixiviation of Na from the fresh catalyst to the reaction solution, which led to the formation of Na~2~CO~3~ on the catalyst. Also, a detailed analysis of the micrographs showed the presence of NaOx and Na~2~CO~3~; the latter in bimetallic reused catalysts. Multilayers of NaOx on both TiO~2~ and CuPd are readily observed on these materials.

Bulk Chemical Composition of Individual Bimetallic Nanoparticles {#sec3.2}
----------------------------------------------------------------

Composition, distribution, and oxidation states of Cu and Pd within the individual nanoparticles were determined using EDS. About 50 particles from different sections and samples were analyzed for each catalyst (all prepared using the same method). The average nanoparticle size in the analyzed bimetallic samples is in the 5.0--5.7 nm range, regardless of the material. Details of the size and the structure of the nanoparticles in the catalysts are given in the earlier manuscript. The EDS elemental general map of 5Cu5Pd5Na-F and its corresponding *Z*-contrast image, shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, showed the presence of Cu, Pd, Na, and Ti. The elemental maps consistently indicated that most individual nanoparticles were composed of both Cu and Pd, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b, that is, bimetallic particles were formed. We also identified Na K signals originating from the support as a result of the initial impregnation with NaOH during synthesis of the catalyst.

![EDS elemental maps showing the distribution of Cu, Pd, and Ti in 5Cu5Pd5Na-F.](ao0c01757_0001){#fig1}

![EDS spectra from bimetallic particles on the Cu5Pd5Na-F catalyst (a,b) from different areas.](ao0c01757_0002){#fig2}

In [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} we report the approximate percentage of Cu, Pd, or mixed CuPd particles for each catalyst. To estimate these percentages, we based our analysis on the presence of either the Cu K, Pd L, or Cu K + Pd L signals. As can be seen, bimetallic nanoparticles containing both Cu and Pd predominate in all materials, with number percentages larger than 80% in all cases. Consequently, the percentage of Cu- or Pd-only particles was relatively small (≤13%).

###### Percentage Estimate of Cu, Pd, or CuPd Particles in the Samples Studied

                      particle percentage         
  -------------- ---- --------------------- ----- ------
  5Cu5Pd5Na-F    50   10.0                  4.0   86.0
  5Cu5Pd5Na-W    52   12.0                  4.0   84.0
  5Cu5Pd5Na-R3   48   13.0                  5.0   82.0

Based on the EDS results, we also estimated the at. % composition of the bimetallic nanoparticles, as reported in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. These values evidence the nonuniform distribution of Cu and Pd in the bimetallic particles, with predominance of Cu for the three catalysts surpassing the global at. % of our samples, 62.6%, that corresponds to the 5 wt % of each of Cu and Pd impregnated during synthesis. The variation in the atomic composition of the bimetallic nanoparticles suggests the existence of different nanostructures on the surface of the catalysts.

###### Estimated Chemical Composition of Individual Nanoparticles in the Catalyst Samples

                 percentage of bimetallic particles (%)                 
  -------------- ---------------------------------------- ------ ------ ------
  5Cu5Pd5Na-F    28.0                                     15.0   14.0   43.0
  5Cu5Pd5Na-W    21.0                                     17.0   35.0   27.0
  5Cu5Pd5Na-R3   19.0                                     31.0   20.0   30.0

Structure of the Bimetallic Nanoparticles {#sec3.3}
-----------------------------------------

To study the structure of the bimetallic nanoparticles in our catalysts, we used representative high-angle annular dark-field (HAADF)/STEM images coupled with an EDS scan along the diameter of the nanoparticles studied in each catalyst ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--j). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,f, the Cu and Pd signals show similar intensities along the diameter of the particles, suggesting a nearly homogeneous distribution of both elements (CuPd alloy). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,g, the Cu-K signals are strong at the periphery and weak at the core of the nanoparticles, suggesting Cu surface enrichment, as confirmed by the strong Pd-L signal in the central part of the nanoparticle. This corresponds to a Cu shell/Pd core structure. Another type of structure can be observed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,h, in which there is a core formed by a mixture of Cu and Pd covered mainly by Cu (Cu shell/CuPd core). Other images, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,i,e,j, reveal only scanning lines for Pd-L or Cu-K across the entire diameter of the particles, which confirms the presence of some particles consisting only of Cu or Pd.

![(a--e) HAADF/STEM representative images and (f--j) STEM/EDS Cu and Pd elemental scan lines.](ao0c01757_0003){#fig3}

In summary, our results indicate that the nanoparticles in our CuPd/TiO~2~ catalysts can adopt five different structures according to how the Cu and Pd atoms coordinate among themselves and with each other: Cu only, Pd only, Pd encapsulated in the core with a Cu shell, a CuPd core covered by Cu, and a homogeneous CuPd alloy (see models in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). These structural characteristics have not been reported previously in the literature. We include, as the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf) (Figures S1--S3), additional HAADF-STEM images and STEM/EDS scan lines of the different particle structures. Additionally, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} shows the total number of particles analyzed and the percentage of each configuration for each sample. The results suggest that for the three catalysts, there are a significant number of particles composed of a CuPd alloy (45--61%) and Cu shell/CuPd core (15--23%), and there are also a smaller number of particles formed by Cu on the surface and Pd in the core (10--15%). In addition, the percentage of particles formed only by Pd (4--7%) or Cu (8--13%) is small. The obtained results are consistent with literature reports about the formation of CuPd alloy nanoparticles with their surface enriched by Cu.^[@ref10]−[@ref12]^

![Models Proposed for the Different Configuration of the Particles in the Bimetallic Catalysts](ao0c01757_0009){#sch1}

###### Distribution of Nanoparticle Configurations Determined by HAADF-STEM Images and STEM/EDS Scan Lines for the Different CuPd/TiO~2~ Catalysts

                      particle configuration                        
  -------------- ---- ------------------------ ------ ------ ------ ------
  5Cu5Pd5Na-F    24   6.0                      8.0    61.0   15.0   10.0
  5Cu5Pd5Na-W    26   7.0                      13.0   45.0   18.0   17.0
  5Cu5Pd5Na-R3   23   4.0                      9.0    52.0   23.0   12.0

Surface Chemical Composition of the Bimetallic Nanoparticles {#sec3.4}
------------------------------------------------------------

Cu and Pd can originate from ordered Cu~3~Pd, CuPd, or CuPd~3~ phases below 900 K or disordered alloys over a wide range of composition at high temperatures.^[@ref13]−[@ref22]^ To determine the surface composition of the alloyed nanoparticles formed in our study, we followed the procedure reported by Heinrichs et al.^[@ref23]^ and Venezia et al.^[@ref24],[@ref25]^ It is relevant to mention that we considered only Pd and Cu atoms present in alloyed particles in the calculation. In the mathematical developments, Pd atoms present in pure Pd particles were not considered. Moreover, in agreement with results presented earlier, it is assumed that Cu is present only in the form of a CuPd alloy. The results, shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, reveal strong surface enrichment by Cu of bimetallic CuPd particles in all bimetallic catalysts (76--90%) and therefore, the existence of only a small fraction of Pd on the surface of the nanoparticles. These observations confirm the data obtained by other techniques such as XPS, chemisorption, and CO-Fourier transform infrared spectroscopy.

###### Surface Composition of the Alloyed CuPd Particles in CuPd/TiO~2~ Catalysts

  catalyst       *X*~Pd~ (at. %)   *d*~s~ (nm)   *D*~CuPd~ (%)   *D*~Pd~ (%)   *X*~Pds~ (at. %)   *X*~Cus~ (at. %)
  -------------- ----------------- ------------- --------------- ------------- ------------------ ------------------
  5Cu5Pd5Na-F    0.77              4.5           0.24            5.5           18.0               82.0
  5Cu5Pd5Na-W    0.69              5.2           0.20            8.7           29.4               70.6
  5Cu5Pd5Na-R3   0.82              4.5           0.24            9.4           33.0               67.0

The superficial enrichment of the CuPd bimetallic particles with Cu has been reported by Molenbroek et al.,^[@ref13]^ Pintar et al.,^[@ref14],[@ref26]^ and Edelmann et al.^[@ref15]^ They affirm that most of the atoms of Cu in their bimetallic catalysts must be near the Pd atoms. Pintar et al.^[@ref27]^ also state that the changes in the Cu extended X-ray absorption fine structure (EXAFS) spectra are more pronounced compared to those for Pd.

Most investigations performed affirm that during the reduction process, Pd--Cu alloys are formed with Cu segregated onto the surface of the nanoparticles,^[@ref2],[@ref13],[@ref23],[@ref24],[@ref27],[@ref28]^ which is related to the lower surface free energy of Cu, the exothermicity of the Pd--Cu alloy formation process, and the strain resulting from the difference in the atomic radii of Cu and Pd. It has also been reported that the degree of surface segregation of Cu depends on the Cu content of the alloy nanoparticles.^[@ref13],[@ref14],[@ref25]^ It has also been found by XPS and XRD that no alloying occurs in alumina-supported Cu--Pd catalysts, suggesting that the metal--support interaction also has a role in the final structure of the bimetallic nanoparticles.^[@ref2],[@ref13],[@ref19]^ These studies indicate the findings of this investigation, however, to be relevant and indicate that the alloying behavior of bimetallic Pd--Cu catalysts is a complex process, and the final material structure may strongly depend on the initial metal loadings and the specific reduction process used to make the alloy.^[@ref13],[@ref22]^

In [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}, *X*~Pd~ is the fraction of Pd atoms in the bulk of CuPd alloy particles estimated from XRD; *d*~s~ is the mean surface diameter of CuPd alloy particles, and Σ*n*~*i*~*d*~*i*~^3^/Σ*n*~*i*~*d*~*i*~^2^, is estimated from TEM; *D*~CuPd~ is the overall dispersion of CuPd alloy particles estimated from TEM; *D*~Pd~ (%) is the Pd dispersion estimated from CO chemisorption; *X*~Pds~ is the fraction of Pd atoms present on the surface of CuPd alloy particles estimated from the combination of CO chemisorption, XRD, and TEM results; *X*~Cus~ = 100% -- *X*~Pds~.

Cu and Pd Local Oxidation States in the Bimetallic Nanoparticles {#sec3.5}
----------------------------------------------------------------

The XPS spectra in the Cu 2p and Pd 3d regions for bimetallic catalysts and their XPS parameters are summarized in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf) (Figures S4--S5 and Tables S1--S3). The surface chemical compositions calculated from XPS peaks are also described. The three samples exhibit XPS spectra typical of copper with Cu 2p~3/2~ and Cu 2p~1/2~ main peaks.^[@ref29],[@ref30]^ In addition, all the materials exhibit an intense doublet attributed to Pd 3d~5/2~ and Pd 3d~3/2~ centering at 334.5 and 339.7 eV.

Interestingly, a comparison between the XPS parameters of the bimetallic catalysts shows that there are no appreciable differences between the materials studied. As the spectra in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf) and [Tables S1 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf) show, in the three catalysts, only zero-valent or partially reduced metal species (Cu^0^, Cu^1+^) were identified. In addition, the atomic percentage of Cu^0^ or Cu^1+^ surface species is similar to that in the three materials. Therefore, the percentage of surface species of Pd ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf) and [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01757/suppl_file/ao0c01757_si_001.pdf)) is also similar. Furthermore, a comparison of the XPS spectra and parameters of Cu and Pd of the materials shows minor differences. In addition, the results indicate that the total surface concentration of Pd is around 1.32, 1.28, and 1.26 at. % in the bimetallic catalysts 5Cu5Pd5Na-F, 5Cu5Pd5Na-W, and 5Cu5Pd5Na-R3, respectively, whereas the Cu total concentration is close to 3.82, 3.54,and 3.37 at. % in 5Cu5Pd5Na-F, 5Cu5Pd5Na-W, and 5Cu5Pd5Na-R3, respectively.

The XPS spectra allowed the evaluation of the surface composition of the alloyed particles, but this technique did not provide information about the distribution of the oxidation states of Cu and Pd in the particles.

EELS mapping was performed in different positions of each bimetallic nanoparticle to determine the oxidation states of the metals on the individual bimetallic nanoparticles. About 15 particles from different areas, specimens, and sizes were analyzed. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows *Z*-contrast image (a) and EEL Cu (b) and Pd (c) core-loss spectra acquired from the sites marked from 1 to 6 in bimetallic particles with sizes in the range of 1--5 nm. EEL spectra 1--6 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b consist of Cu-L2,3 (931 eV) edges characteristic of metallic Cu. The same numbers in spectra of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, except for the one marked 4, correspond to Pd-M4,5 (459 eV) edges, an indication that most of the Pd is present in the metallic state. This suggests that in the regions marked as 1, 2, 3, 5, and 6, the nanoparticles consist of a CuPd bimetallic alloy. The O--K (533 eV) peak in spectrum 4 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c indicates that in some particles, oxidized Pd is combined with metallic Cu.

![(a) TEM *Z*-contrast image of nanoparticles in the range 1--5 nm; (b,c) EEL Cu and Pd core-loss spectra, respectively, acquired from the sites marked from 1 to 6 in (a).](ao0c01757_0004){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the *Z*-contrast image (a) and EEL Cu (b) and Pd (c) core-loss spectra acquired from the sites marked from 1 to 6 in a bimetallic particle with a diameter close to 3 nm. In this case, the EEL spectra 1--6 in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c correspond to edges characteristic of metallic Cu-L2,3 (931 eV) and Pd-M4,5 (459 eV), respectively.

![(a) TEM *Z*-contrast image of one particle with size around 3 nm; (b) and (c) EEL Cu and Pd core-loss spectra, respectively, acquired from the sites marked from 1 to 6 in (a).](ao0c01757_0005){#fig5}

The *Z*-contrast TEM image and EEL spectra of particles with diameters around 2 nm is reported in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a--c. In this case, EELS is related to the presence of metallic and partially oxidized Cu, as well as oxidized and metallic Pd.

![(a) TEM *Z*-contrast image of one particle with size around 2 nm; (b,c) EEL Cu and Pd core-loss spectra, respectively, acquired from the specific sites marked from 1 to 4 in (a).](ao0c01757_0006){#fig6}

In the case of large-sized nanoparticles (diameters ∼ 8 nm), the results in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c show a representative *Z*-contrast image of one of the particles analyzed; [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c correspond to EEL Cu and Pd core-loss spectra acquired from the specific sites marked from 1 to 4 in the bimetallic particle. A large qualitative difference is observed for the EEL spectra of Cu^1+^ and Cu^2+^, meaning that spectra can be used to determine the Cu-oxidation states.^[@ref17],[@ref31]^ Thus, the shape of O--K edge in the EEL spectra in the region of low loss of CuO and Cu~2~O are different, for example, the CuO EEL spectrum presents an asymmetric peak and at least three structures marked by arrows in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b (spectra 2 and 3). Otherwise, the Cu~2~O EEL spectrum presents a more symmetric peak for the O--K with only a broad less peak (spectra 1 and 4). In addition, EEL spectra 1 and 2 shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, did not reveal peaks related to Pd, while spectra 3 and 4 revealed the presence of oxidized Pd. Thus, this particle is constituted basically by oxidized and partially oxidized Cu together with oxidized Pd.

![(a) TEM *Z*-contrast image of one particle with sizes around 8 nm; (b,c) EEL Cu and Pd core-loss spectra respectively, acquired from the specific sites marked from 1 to 4 in (a).](ao0c01757_0007){#fig7}

Additionally, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows a TEM image representative of another particle with a size around 4 nm. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a and the EEL spectra for Cu [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b and Pd [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c acquired from specific sites marked with numbers from 1 to 4 in the particle. Similarly, the EEL spectra of the four positions marked in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c did not reveal peaks related to Pd, whereas the Cu spectra evidenced the presence only of oxidized Cu.

![(a) TEM *Z*-contrast image of one particle with size around 4 nm; (b,c) EEL Cu and Pd core-loss spectra respectively, acquired from the specific sites marked from 1 to 5 in (a).](ao0c01757_0008){#fig8}

Interestingly, the results for particles having different diameters showed that the bimetallic nanoparticles have sizes ≤6 nm; the size of the monometallic particles of Pd is in the range of 2--4 nm, while the monometallic Cu particles have sizes greater than 8 nm. This confirms that probably the largest particles are composed only of Cu and the smallest are composed either of metallic Pd or CuPd; however, the percentage of particles formed only by Pd is small compared to that corresponding to bimetallic particles.^[@ref32]^

According to the data obtained from the analysis of several particles ([Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}), it can be concluded that nanoparticles with sizes smaller than 7 nm are composed of Cu^0^--Pd^0^ and Cu^1+^--Pd^0^, whereas nanoparticles with sizes greater than 7 nm consist mostly of Cu^2+^ and Cu^2+^--Pd^2+^. These results indicate that the distribution of oxidation states of Cu and Pd is not uniform and depends on the size of the particles.

###### Total Percentage of Bimetallic Nanoparticles with Different Cu and Pd Oxidation States

        particle percentage                                
  ----- --------------------- ---- ---- --- ---- ---- ---- ---
  \<7   21                    41   5    6   10   8    0    9
  ≥7    0                     0    15   7   0    19   59   0

A word of caution is needed at this point because the oxidation states reported here were determined after the samples were briefly handled in air as they were loaded into the different equipment used for analysis. Full or partial oxidation may occur in some cases. It is true, however, that the observed oxidation state differences point to different activities of the nanoparticles as a function of their size.

Conclusions {#sec4}
===========

The three bimetallic catalysts did not exhibit significant differences in the percentage of Cu, Pd, or CuPd particles, the chemical composition of individual nanoparticles, the distribution of nanoparticle configurations, and the surface composition of the alloyed CuPd particles. On the other hand, all the analyzed catalysts are qualitatively and quantitatively similar in nature and distribution of Cu and Pd species. Additionally, the results showed that the leaching of some of the Na (5Cu5Pd5Na-F and 5Cu5Pd5Na-W) and reusing of the catalysts (5Cu5Pd5Na-R3) did not have any effect on the different configuration of the particles in the bimetallic catalysts.

However, detailed EELS and EDS analyses of the individual nanoparticles showed the formation of CuPd bimetallic nanoparticles with nonuniform surface distribution of both elements, showing regions of oxidized Pd, metallic Cu, and areas of a bimetallic CuPd alloy. The smaller particles are formed mainly of the CuPd alloy, whereas the larger particles are constituted by oxidized Cu and Pd. The nanoparticles adopt five different configurations: mixed CuPd alloy, Cu shell/Pd core, Cu shell/CuPd core, Cu only, and Pd only, with the largest percentage corresponding to bimetallic mixed CuPd alloy nanoparticles.

The nanoparticles with sizes smaller than 7 nm are constituted mainly of Cu^0^--Pd^0^ and Cu^1+^--Pd^0^, while particles with sizes greater than 7 nm are constituted mostly of Cu^2+^ and Cu^2+^--Pd^2+^. These results indicate that the distribution of oxidation states of Cu and Pd is not uniform and depends on the size of the particles. In summary, characterization of the samples was consistent with the formation of CuPd alloy nanoparticles with their surface enriched with Cu, thus explaining the high selectivity to 1,2-PDO of the bimetallics. The increased activity of the CuPd bimetallic catalyst stems from the significantly smaller average diameter of the CuPd alloy nanoparticles and their good stability. Besides the effect upon the nanoparticle structure, Pd promoted hydrodeoxygenation (HDO) in part by the activation of glycerol aqueous phase reforming to produce H~2~ at the surface level. Cu was stabilized in the bimetallic samples by the formation of an alloy with Pd in the catalyst.

A combined bulk and surface characterization study was successfully performed to determine the structure/composition/oxidation state profile of individual nanoparticles from CuPd/TiO~2~--Na bimetallic catalysts with sub-nanometer resolution, an aspect of surface chemistry that had not been elucidated and tested for the active bimetallic nanoparticles on the glycerol HDO to 1,2-propanediol. Thus, our findings will serve as a model system to improve the understanding of the selective conversion of glycerol to 1,2-PDO over specific bimetallic catalysts in Cu.
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H~2~-TPR

:   temperature-programmed reduction with H~2~

HRTEM

:   high-resolution electron microscopy

XRD

:   X-ray diffraction

DRS-UV--vis

:   diffuse reflectance ultraviolet--visible spectroscopy

EDSA

:   electron diffraction of selected area

STEM

:   scanning transmission electron microscopy

EDS

:   X-ray energy-dispersive spectroscopy

EELS

:   electron energy-loss spectroscopy

XPS

:   X-ray photoelectron spectroscopy
